Edwin S. Gnanakumar, [a] Wesley Ng, [a] Bilge Coşkuner Filiz, [a] Gadi Rothenberg, [a] ShengW ang, [b] Hualong Xu, [b] Laura Pastor-PØrez, [c] M. Mercedes Pastor-Blas, [c] Antonio Sepffllveda-Escribano, [c] Ning Yan,* [a] and N. RaveendranS hiju* [a] We report af acile and generala pproach for preparing ultrafine ruthenium nanocatalystsb yu sing ap lasma-assisted synthesis at < 100 8C. The resulting Ru nanoparticles are monodispersed (typical size 2nm) and remain that way upon loading onto carbon and TiO 2 supports. This gives robustc atalysts with excellent activities in both organosilane oxidation and the oxygen evolution reaction.
Heterogeneous catalysts often consist of smallm etal particles dispersed on supports. [1] [2] [3] [4] Although many methods have been proposed for their synthesis, [5] [6] [7] the most common approach involves impregnatingt he support with am etal precursor solution, followed by thermal decomposition and reduction at a relativelyh igh temperature. [8] [9] [10] The problem is that these steps often cause sinteringa nd/or agglomeration. [2] [3] [4] 11] Moreover,many"too-small-to-be-stable" nanoparticles form through the Ostwald ripeningm echanism. [12] The result is ab road particle-size distribution, which lowers catalyst performance. [10, [13] [14] [15] Alternatively,o ne can use strong reducing agents, such as sodium borohydride and hydrazine, to convert the precursors into the corresponding metals, but many of these reductants are corrosive and/ort oxic and can cause furtherp roblems downstream. [16, 17] Hence, most of today's syntheses of monodispersed nanocrystals are based on colloidal chemical synthetic procedures involving the use of capping agents and spacers, which hamper large-scale applications.
One way to avoid these problemsi sb yu sing plasma-assisted synthesis. [18, 19] This method produces nanoparticles and metal-supported catalysts from metal precursors. [18, 20, 21] Some of the supported catalysts prepared by the plasma-assisted synthesis methoda re Au/Y-zeolite, [22] Pt/Y-zeolite, [22] Pt/gAl 2 O 3 , [23] Co/g-Al 2 O 3 , [23] Ni/g-Al 2 O 3 , [24] Pt/Al 2 O 3 -CeO 2 , [25] Co/C, [26] and Fe/C. [26] This methodi ss imple, quick, and compatible with impregnation processes. [27] However,t hese thermal plasma techniques do not alwaysg ive good control of the particle size. [28] In these processes, the nanoparticles undergo rapid agglomeration because of the high temperatures,w hich may result in broad particle-size distributions. [28] Herein, we report ac oldp lasma-assisted approach for the preparation of supported ruthenium catalysts. [27] [28] [29] [30] This methodh as excellent support compatibility( we used carbon as well as titania supports), which enables the synthesis of monodispersed and ultrafineR un anoparticles. Cold plasma synthesis is solvent-free and ligand-free, giving high-purity nanoparticles. We tested these catalysts in two representative yet differentr eactions:o rganosilane oxidation and the oxygen evolution reaction( OER). Previous organosilane oxidations were performed mainly by using metalss uch as gold, [31] [32] [33] [34] [35] [36] palladium, [8, 32] platinum, [37] and rhodium. [38] The costs of these metals are 38, 24, 31, and 285 $g À1 ,r espectively (January 2017).
[39] Although ruthenium is much cheaper (1.3 $OZT
À1
), it has rarely been used for silane oxidation. The OER is the ratedetermining step in many important energy-related processes such as water splitting, reversible metal-airb atteries, andf uel cells. [40, 41] Ruthenium oxide (RuO 2 )i so ne of the best-performing OER catalysts to date. [42] [43] [44] Thus, we decided to focus on Ru catalysts, and in both reactions the catalysts showed high activity and stability. Figure 1i llustrates the facile preparation procedures for the carbon-supported 5wt% Ru catalyst( denoted hereafter as RuPlasma) by ac old plasma synthesis (detailed experimental procedures are included in the Supporting Information). The lowtemperature process (< 100 8C) gave ultrafine and monodispersed Ru nanoparticleso nt he support. Conversely,c onventional calcination requires at least 400 8Ct od ecompose the RuCl 3 precursor (see the coupled thermogravimetric and differential scanning calorimetric analyses in Figure S2 in the Sup- porting Information). Combined with sequential reduction in H 2 ,i tc auses the agglomeration of the Ru nanoparticles. The powder X-ray diffraction (XRD) pattern of Ru-Plasma in Figure 2a confirms the complete decompositiono fR uCl 3 and the formation of metallic Ru after plasma treatment. By comparing with the pattern of commercial 5wt% Ru on carbon (denotedh ereafter as Ru-Conv), we attributet he broad peaks at 2 q = 24.0 and 43.58 to carbon (graphite) and the tiny peaks from 2 q = 38.4 to 448 to metallicR u. [45] X-ray photoelectron spectroscopy (XPS) also reveals the effectiveness of the plasma synthesis. Indeed, overlapping of the C1sa nd Ru 3d core levels poses ac hallenge upon analyzing the spectrum in Figure 2b , particularly at low Ru loadings. Nonetheless, there is ac lear binding-energy shift in the Ru 3d 5/2 peak relative to its position in the sample before plasma treatment, which implies ad ecrease in the Ru oxidations tate (see inset). [46, 47] We also studied the crystal structureo fR u-Plasma through high-resolution transmission electron microscopy (HRTEM). Figure 2c shows the atom-resolvedm icrographs of two Ru compound particles; the 2.3 d spacing indicates the (1 00)p lane of metallic Ru crystal. [48, 49] Thanks to the plasma treatment, Ru-Plasma hasahighly uniform particle-size distribution. Figure 2d ,e shows that nearly all of the Ru nanoparticles have dimensions between 1a nd 2nm. In contrast, the Ru particle-size distribution in commercial Ru-Convi sm uch wider (see Figure 2f,g ). There are many too-small( < 1nm, blue arrow) andt oo-large (> 5nm, yellow arrow) Ru nanoparticlest hat reduce performance( more TEM resultso fR u-Plasmaa re included in the Supporting Information). This confirms the hypothesis of sintering by Ostwaldr ipening:t he small particles become even smaller as the big ones grow bigger, a" big-fish-eat-small-fish"e ffect. [12] In addition, RuPlasma has ah igher specific surface area (1298 m
)a ccording to standardN 2 adsorption measurements, due to itsfiner nanostructure.
Ru-Plasma showede xcellent activity and stabilityi na number of chemical and electrochemical reactions. We initially performed organosilane oxidation to organosilanol by using water as an oxidantu nder ambient conditions (see Scheme 1 and Ta ble 1). Our catalyst produced organosilanols selectively. H 2 gas was the sole byproduct, and no disiloxanesw ere observed,u nlike conventionala pproaches. [31] [32] [33] [34] [35] [36] [37] [38] [50] [51] [52] [53] The reported reactions were conducted ath igh temperature and/or under an O 2 atmosphere,a nd the turnover number (TON) wasn ot usually higher than 20. [32, 36] With dimethylphenylsilane as the model substrate, our Ru-Plasma catalystshowed aturnover frequency( TOF) of 29 min À1 at room temperature. Conversely, 
Ru-Convs howed aT OF of only 6min
À1 (see Table 1 , entry 4), which reflects the presenceo fl ess-active sites. At 40 8C, the TOF increasedt o4 4min
À1 with the Ru-Plasma catalyst, even thoughw ed oubled the silane/Rum olar ratio to 2637 (Table 1 , entry 2). The reactionp roceeded to complete conversion even at ah igher silane/Ru ratio of 5274w ith aT OF of 37.7 min À1 (Table 1, entry 3) .
Ru-Plasma was also active for the oxidation of other organosilanes (Table 1 , entries 5-9). Controle xperiments confirmed that no reactiont ook place in the absence of the catalyst or only with the carbon support. The selectivity to silanol was > 99 %. No disiloxane was detected, ruling out silanol condensation. Interestingly,t he spent Ru-Plasma catalyst retained high activity and selectivitya fter three consecutiver uns, indicating its stability (see the TEM image of the spent catalyst in the Supporting Information). We then prepared titania-supported Ru catalysts by the same synthesis route. These also had monodispersed Ru nanoparticles and showede xcellent activity in organosilane oxidation reactions (see the Supporting Information for details), which suggestsg ood support compatibilityo f the new synthesis approach.
An ew catalyst synthesisp rotocol is much more useful if it can be applied to different reactions cenarios. We therefore examined the performance of the Ru-Plasmac atalyst in the electrochemical oxygen evolution reaction. However,t he "toosmall" Ru nanoparticles corroded if the OER potential was applied (RuO 4 2À was soluble in the reaction medium). [42, 54] Thus, careful control of the nanostructure of the catalysti si mportant. Figure S6 shows the cyclic voltammetry (CV) curve of RuPlasma in 0.05 m deoxygenated H 2 SO 4 .T he redox peaks were attributed to the hydrolysis of Ru [Eq. (1)], [55] in agreement with the formation of metallicRua fter plasma treatment.
Figure 3s hows the 20 cycle CV curves of Ru-Plasmaa nd RuConv in oxygen-saturated electrolyte from 0.8 to 1.58 Vv ersus Scheme1.Oxidation of organosilane to silanol with water by using supported Ru catalysts. The scan rate was 10 mV s À1 ,t he rotatingspeed of the rotating disc electrodew as 1600 rpm, and iR correctionw as applied;t he inset showsthe massa ctivity of bothcatalysts at h = 0.25V . the reversible hydrogen electrode (RHE)( overpotential, h = 0.3 V). Apparently,R u-Conv suffered instant oxidationa ta pproximately 1.51 Vv ersusR HE in the first cycle (see the anodic peak indicated by the arrow), which has been widely documented as the sequence of Ru-nanoparticle dissolution. [42, 54] A large portion of Ru nanoparticles in Ru-Conv was less than 1nminsize (see Figure 2 ) and wasinherently more susceptible to deep oxidation to form soluble RuO 4 2À species. [42, 54] Conversely, this was not observed on Ru-Plasma;g radualc urrent degradation was owing to the accumulation of oxygen bubbles that blocked the working electrode. We then ran linear sweep voltammetry (LSV) while rotating the electrode at a scan rate of 10 mV s À1 to study the OERa ctivity as well as the stabilityo fb othc atalysts (see Figure 3c) . TheO ER onset potentials were essentially identical for both catalysts, as RuO 2 itself is an excellent OER catalyst. At h = 0.25 V, the mass activity of Ru-Plasmar eached 0.41 Ag À1 ,w hich was nearly double that of Ru-Conv and better than that of most5wt %R uc atalysts previously reported. [43] Though oxygen bubbles were removed,t he Ru-Convc atalysts howed more significant performance loss than the Ru-Plasma catalyst. These observations reflect the good structurals tabilityo fR u-Plasma, which can sustain more Ru nanoparticles (actives ites) than Ru-Conva fter applying OER potentials.Abroad peak at approximately 1.54 V in the LSV curve of the Ru-Conv sample might be related to the oxidation of Ru nanoparticles. We also performed several cycles of LSV for the Ru-Plasmac atalyst, which showedr eproducibility and thus stability( see the Supporting Information).
In summary,o ur resultss how that plasma treatmente ffectively decomposes RuCl 3 to Ru nanoparticles under near-ambient conditions. The resulting metal particles on both carbon and TiO 2 supports were ultrafine and monodispersed. In particular,t he Ru-Plasmac atalystd emonstrated significantly higher activity and stabilityi nb oth organosilane oxidation and the oxygen evolution reaction than the catalyst made by the conventional method. As we showed,t he method could be applied successfully for multiple supports, indicatingi ts general use.
